He L, Chen J, Liu X, Dinger B, Fidone S. Enhanced nitric oxide-mediated chemoreceptor inhibition and altered cyclic GMP signaling in rat carotid body following chronic hypoxia. Am J Physiol Lung Cell Mol Physiol 293: L1463-L1468, 2007. First published October 5, 2007; doi:10.1152/ajplung.00249.2007.-Multiple studies have shown that chronic hypoxia (CH) elicits a time-dependent upregulation of carotid body chemoreceptor sensitivity in mammals. In the present study, we demonstrate that enhanced excitation is accompanied by a parallel increase of nitric oxide (NO)-dependent inhibition, which acts via a CH-induced modification of the normal mechanism in O 2-sensitive type I cells. The NO synthase inhibitor, N G -nitro-L-arginine methyl ester (L-NAME), elicits a progressively larger increase in carotid sinus nerve (CSN) chemoreceptor activity following incremental increases in CH exposure lasting 1-16 days. The inhibitory effect of the NO donor, S-nitroso-N-acetyl-penicillamine (SNAP), on CSN activity is enhanced following CH. However, the activation of soluble guanylate cyclase (sGC) by SNAP, assessed via production of cGMP, is impaired, along with decreased expression of sGC mRNA transcript. Inhibition of hypoxia-evoked Ca 2ϩ responses by SNAP is mediated via a cGMP/protein kinase G (PKG)-dependent mechanism in normal type I cells that is sensitive to the PKG inhibitor KT-5823, but following CH, inhibitory responses are minimally sensitive to PKG inhibition. The data are consistent with the hypothesis that CH hampers cGMP-mediated inhibition of type I cells in favor of an alternative mechanism. chemoreceptor sensitivity PREVIOUS STUDIES IN OUR LABORATORY established that the neuronal isoform of nitric oxide synthase (nNOS), the synthetic enzyme for nitric oxide (NO), is contained in a dense plexus of afferent nerve fibers that terminate near oxygen-sensitive type I cells in rat and cat carotid body. Moreover, a distinct group of nNOS-positive parasympathetic neurons was shown to innervate the carotid body vasculature. Physiological experiments indicated that NO released from these fibers during hypoxia mediated an inhibitory effect on chemoreceptor excitation via dual mechanisms including 1) an axon reflex involving the terminal branches of afferent carotid sinus nerve (CSN) fibers and type I cells, and 2) parasympathetic/NO-induced changes in blood flow involving local vascular elements (24, 27, 28) .
chemoreceptor sensitivity PREVIOUS STUDIES IN OUR LABORATORY established that the neuronal isoform of nitric oxide synthase (nNOS), the synthetic enzyme for nitric oxide (NO), is contained in a dense plexus of afferent nerve fibers that terminate near oxygen-sensitive type I cells in rat and cat carotid body. Moreover, a distinct group of nNOS-positive parasympathetic neurons was shown to innervate the carotid body vasculature. Physiological experiments indicated that NO released from these fibers during hypoxia mediated an inhibitory effect on chemoreceptor excitation via dual mechanisms including 1) an axon reflex involving the terminal branches of afferent carotid sinus nerve (CSN) fibers and type I cells, and 2) parasympathetic/NO-induced changes in blood flow involving local vascular elements (24, 27, 28) .
Recent studies indicate that chronic hypoxia (CH) increases the expression of multiple NOS isoforms in rat carotid body. Prabhakar and colleagues (20) demonstrated that CH elevates the activity of nNOS in sensory neurons, and Ye et al. (32) recently reported that the inducible form of NOS (iNOS) is expressed in rat type I cells following a 4-wk exposure to 10% O 2 breathing. This latter group also showed that tissue levels of NO in carotid body are elevated more than fivefold and that the nonspecific NOS blocker, N G -nitro-L-arginine methyl ester (L-NAME), enhances the chemoreceptor discharge following CH. This upregulation occurred despite the fact that CH decreased the density of NOS immunoreactive fibers in rat carotid body (17) .
In the normal carotid body, multiple studies have indicated that NO-induced inhibition is mediated by the activation of soluble guanylate cyclase (sGC) and the production of cGMP (26, 28) . In the lung, which is another O 2 -sensitive tissue, CH selectively impairs the function of sGC in pulmonary, but not thoracic, artery smooth muscle (7) . These changes severely dampen pulmonary artery relaxation induced by acetylcholine and a NO donor, sodium nitroprusside. If a similar phenomenon occurs in the carotid body, then NO-mediated chemoreceptor inhibition may be hampered in animals exposed to CH. In the present study, we examine the hypothesis that exposure to CH alters inhibitory NO signaling pathways in rat carotid body type I cells. Our experiments demonstrate that following CH, endogenous NO induces an even greater inhibition of hypoxia-evoked chemoreceptor activity. However, the involvement of sGC and protein kinase G (PKG) in type I cells appears to be greatly lessened in the enhanced inhibitory effects following CH. These findings suggest that CH induces alternative signaling mechanisms for NO inhibition.
METHODS
Animals and exposure to CH. Fifty-six rats exposed in a hypobaric chamber were housed in standard rodent cages with food and water. Pressures were reduced from ambient barometric pressure (B P) at Salt Lake City (i.e., BP ϳ630 Torr; 1,500 m) until a pressure equivalent to 5,500 m (380 Torr) was reached and maintained for a selected period (up to 16 days). The chamber was opened every 2 days to replenish food and water and change litter. Control, normal animals (32 rats), were maintained outside the chamber in ambient conditions. Animal protocols were approved by the University of Utah Institutional Animal Care and Use Committee.
Electrophysiological recording of CSN activity. Under ketamine/ xylazine anesthesia, the carotid bifurcations containing the carotid bodies were located, excised, and placed in a lucite chamber containing 100% O 2-equilibrated modified Tyrode solution at 0 -4°C (in mM: 112 NaCl, 4.7 KCl, 2.2 CaCl2, 1.1 MgCl2, 42 sodium glutamate, 5 HEPES buffer, 5.6 glucose, pH 7.4). Each carotid body along with its attached nerve was carefully dissected from the artery and cleaned of surrounding connective tissue. Preparations were then placed in a conventional flow chamber where the carotid body was continuously superfused (up to 4 h) with modified Tyrode solution maintained at 37°C and equilibrated with a selected gas mixture. The CSN was drawn up into the tip (ϳ100 m, inner diameter) of a glass suction electrode for monopolar recording of chemoreceptor activity. Basal neural activity was established in superfusates maintained at PO2 ϭ 450 Torr. The PO 2 was lowered to 120 Torr in superfusates equilibrated with air to provide a moderately hypoxic stimulus. Neural activity was led to an AC-coupled preamplifier, filtered and transferred to a window discriminator and a frequency to voltage converter. Signals were processed by an AD/DA converter for display of frequency histograms on a PC computer monitor. Data were expressed as impulses per second and analyzed using Student's t-test and ANOVA.
Radioimmunoassay for cGMP. Carotid bodies were removed from ketamine/xylazine-anesthetized rats and cleaned of surrounding connective tissue. Tissues were preincubated for 20 -25 min in modified Tyrode solution equilibrated with 100% O2. Selected concentrations of the NO donor, S-nitroso-N-acetyl-penicillamine (SNAP), or the analog of atrial natriuretic peptide (ANP), atriopeptin III [APIII; known to activate the membrane form of guanylate cyclase(6)], were introduced, and incubation continued for 10 min. Following incubation, carotid bodies were immersed in 600 l of trichloroacetic acid, homogenized, and extracted three times in water-saturated ethyl ether. The aqueous phase was dried, and sealed samples were stored at 4°C. Radioimmunoassay was performed using a commercially available cGMP RIA kit (DuPont NEN; acetylated assay; minimal detectable limit ϭ 2.5 fmol).
Quantitative reverse transcriptase-PCR. In accord with the kit instructions (RNAqueous-Micro; Ambion, Austin, TX), total RNA was extracted from tissue samples pooled from groups of five rats for each experiment. Following removal of contaminating DNA (DNase treatment), first-strand complementary DNA was synthesized from 1 g of total RNA (quantified with a NanoDrop ND-1000 spectrophotometer) using RETROscript (Ambion). Aliquots of cDNA corresponding to 2 ng of total RNA were introduced into a SybrGreen reaction mix (25 l; Qiagen) containing selected "upstream" (5ЈTA-CATGGAGCTCCGGTAGTTTG3Ј) and "downstream" (5ЈGACA-AAGCACC-TGCCTAGCATT3Ј) primers for sGC. All primer pairs were "blasted" against known rat gene sequences. qPCR was conducted in an MJ Research PTC-200 equipped with a Chromo4 detector. Reactions were initiated at 95°C for 15 min followed by 40 cycles consisting of 30 s at 94°C, 30 s at 58°C, and 30 s at 72°C, with the final cycle extended to 5 min at 72°C. Product purity was evaluated by determination of the melting curve, after which samples were stabilized at 4°C. Sample comparisons were based on the relative standard curve method (21) , and data are normalized to 18S rRNA expression. In preliminary studies using cDNA aliquots equivalent to equal amounts of total RNA, we found that 18S rRNA varies less than 10% in CH vs. normal samples with P Ͼ 0.24. Amplifications without the RT step were performed to exclude possible contamination with genomic DNA.
Intracellular [Ca 2ϩ ] measurements. As was described previously (13), freshly dissociated type I cells attached to coverslips were incubated in F-12 medium containing 0.5 M fura-2 AM for 10 -15 min in a CO2 incubator at 36.5°C. Coverslips were placed in a flow chamber where they were superfused with modified Tyrode solution equilibrated with air at 0.75-1.0 ml/min. The temperature was maintained at 35-36.5°C. The chamber was mounted on the stage of a Zeiss inverted microscope incorporated into a Zeiss/Attofluor workstation equipped with an excitation wavelength selector (filter changer) and an intensified charge-coupled device camera system. Fura-2 fluorescent emission was measured at 520 nm in response to alternating excitation wavelengths of 334 and 380 nm. Data were collected and analyzed using Attofluor Ratiovision software (version 6.0).
Statistical analysis. Data were analyzed using Student's t-test or ANOVA with Bonferroni multiple comparison posttests, as appropriate. P values Ͻ0.05 were considered as indicating significant differences between groups. Figure 1 illustrates effects of the nonspecific NOS inhibitor, L-NAME, on basal and hypoxia-evoked chemoreceptor activity recorded in avascular superfused carotid body preparations. The top panel shows three superimposed traces representing integrated CSN activity in a normal preparation and following 3 and 12 days of CH. A separate record indicates bath PO 2 in each experiment. In the normal carotid body, the application of 1 mM L-NAME elicited only a slight enhancement in the nerve activity evoked by a standard hypoxic stimulus. Basal nerve activity was unchanged in the presence of the drug, which was introduced into the superfusate 2.5 min before hypoxic stimulation. Following 3 days of CH, the discharge evoked by acute hypoxia was larger than normal in accord with increased chemosensitivity. In addition, the effect of 1 mM L-NAME on the hypoxia-evoked activity was enhanced. Twelve days of CH resulted in a substantially greater elevation of the response to acute hypoxia as well as an even larger response in the G -nitro-L-arginine methyl ester (L-NAME; 1 mM), on hypoxia-evoked carotid sinus (CSN) nerve activity. Top shows typical results from normal (0-day), 3-day, and 12-day chronic hypoxia (CH) carotid body/CSN preparations superfused in vitro. Each record shows 3 superimposed traces of integrated nerve activity corresponding to 1) a control response to hypoxia, 2) hypoxia-evoked activity in the presence of L-NAME, which was introduced 2.5 min before hypoxia, and 3) recovery, a response evoked 5-10 min following drug washout. A separate trace shows bath PO2. Bottom summarizes hypoxia-evoked CSN activity in the presence of L-NAME as a percentage of the averaged control plus recovery responses for each normal or CH (1-16 days) preparation. N ϭ 3-5 preparations at each time point. * and *** indicate P Ͻ 0.05 and 0.001, respectively, vs. normal (i.e., 0-day CH).
RESULTS
presence of L-NAME. Summary data indicate that the effect of L-NAME, expressed as a percent of the averaged evoked discharge, was progressively increased following successive days of CH. The enhanced effect of L-NAME is statistically significant beginning at 3 days (vs. normal) and continues to increase up to day 9 of CH; longer exposure to CH was not associated with further enhancement of the effect of the NOS antagonist. The progressive increase in the effectiveness of L-NAME is similar to the time course of increased carotid body chemosensitivity, which plateaus in the rat after 9 days of CH exposure (5) . As was the case in normal carotid body, basal nerve activity in CH preparations was not significantly affected by L-NAME.
The effect of the NOS antagonist on hypoxia-evoked chemoreceptor activity is consistent with recent demonstrations of increased NOS expression and NO production in rat carotid body following CH (8, 20, 32) . However, these observations may also reflect fundamental changes in NO signaling mechanisms. Thus, in separate experiments, the donor molecule SNAP was used to assess whether CH alters the sensitivity of the carotid body to NO. In these studies, preparations were superfused at a low flow rate to achieve mechanically stable recording conditions. Moreover, because the carotid bodies were avascular, a high superfusate PO 2 (450 Torr) was used to establish a normal basal nerve discharge rate. It is well known that NO rapidly reacts with O 2 forming NO 2 Ϫ or peroxynitrite, which likely lowered NO concentrations in the recording chamber. These compounds or intermediates are potentially active in biological systems. However, Fig. 2 shows that application of the NO donor SNAP (100 M), at high PO 2 , had no effect on basal nerve discharge. As expected, SNAP dampened hypoxia-evoked activity in normal carotid body (Fig. 2,  top left) . Summary data shown below indicates that SNAP inhibits ϳ30% of the evoked nerve discharge. However, following 13 days of CH, 100 M SNAP blocked some 65% of the hypoxia-evoked discharge (elevated due to CH), again without altering basal nerve activity. In CH preparations, we routinely observed a prominent after-discharge (top right) that slowly returned to the resting rate after bath PO 2 had been elevated to ϳ450 Torr. SNAP completely eliminated this phenomenon. In recent studies, we observed that the afterdischarge is likewise sensitive to purinergic but not cholinergic antagonists (12, 15) . Figure 3 shows the effect of SNAP (Fig. 3A) and APIII (Fig.  3B) , an analog of ANP, on cGMP levels in the carotid body. In normal tissue incubated in 100% O 2 -equilibrated media in the absence of drugs, cGMP levels were 0.196 Ϯ 0.020 pmol/mg tissue (0 Ϯ SE). Ten-minute incubations in 1.0 M SNAP did not alter cGMP levels in the tissue. However, 10 M and 100 M SNAP and 1, 10, and 100 nM APIII evoked significant dose-related elevations in cGMP. Following a 14-day exposure to CH, APIII evoked significantly larger increases in the concentration of the cyclic nucleotide. But following identical exposure to CH, SNAP at 1, 10, and 100 M did not stimulate cGMP formation in the tissue. In regard to these results, it is important to note that 100 M SNAP was a highly effective blocker of hypoxia-evoked CSN activity following CH (Fig.  2) . cGMP was elevated in 1,000 M SNAP, but mean levels of the second messenger at this very high drug concentration were nearly threefold higher in normal vs. CH carotid body. These findings suggest that sGC activity is impaired following CH, whereas the particulate form of the enzyme, which is stimulated by ANP (6), remains intact.
Loss of responsiveness to SNAP is consistent with decreased expression of sGC, a phenomenon that has been observed previously in rat pulmonary artery smooth muscle following exposure to 24 -48 h of hypoxia (11) . We therefore examined sGC mRNA transcript levels in carotid body following 0, 3, 7, and 14 days of CH. Data in Fig. 4 show a time-dependent inhibition of sGC expression. Depression of the sGC transcript is evident following 3 days of hypoxia, and it is progressively lowered until, at 14 days, expression is reduced to less than 10% of normal. hypoxia-evoked Ca 2ϩ response, but the presence of the PKG inhibitor (KT-5823) only minimally prevents SNAP-induced inhibition. Averaged data from eight cells included in one experiment is shown in the bottom right panel. Data from 42 normal and 64 CH hypoxia-sensitive type I cells, harvested from 2 normal and 2 14-day CH rats, showed similar responses in the presence of SNAP and KT-5823, suggesting the existence of a cGMP/PKG-dependent mechanism of inhibition in normal cells, whereas NO-mediated inhibition in CH type I cells appears to operate largely independently of PKG.
DISCUSSION
The present findings concur with earlier demonstrations of increased NOS expression and NO levels in the rat carotid body following CH (8, 20, 32) . Moreover, available data indicate that NOS isoforms produce NO within diverse cell types in carotid body (31, 32) . These include vascular endothelial cells, parasympathetic neurons, afferent nerve terminals, and glomus type I cells. Our data using a nonspecific NOS blocker, L-NAME, indicate a progressive increase in endogenous NO production that results in increasing modulation of the chemoreceptor discharge after 1-16 days of CH. Increased CSN activity in the presence of L-NAME is likely due to lessened NO-mediated effects on type I cells in superfused preparations in which vascular function is absent. In addition, L-NAME could act by eliminating direct effects of NO on chemoafferent nerve terminals. This possibility is supported by reports of NO-mediated modulation of activity elicited in petrosal ganglion neurons that send axons into the CSN (2).
Our data extend previous findings by showing that the mechanism of NO-mediated inhibition is fundamentally altered with exposure to CH. Importantly, the NO donor SNAP was a more effective inhibitor of hypoxia-evoked CSN activity in CH preparations. Conceivably, this outcome could result from elevated expression of sGC and increased cGMP production. However, our qPCR data show a decrease in sGC gene expression over a time course that parallels CH-induced increased chemosensitivity. Downregulation of sGC in other tissues has been linked to the action of the inflammatory cytokine, TNF-␣ (10, 30) . It is thus noteworthy that in recent studies we have found that CH induces immune cell invasion in the carotid body and increased expression of cytokines including TNF-␣ (9, 18) .
In addition to decreased expression of sGC, radioimmunoassay demonstrated that cGMP levels were not stimulated following CH by concentrations of SNAP that were highly effective inhibitors of the evoked nerve discharge. Altered signaling in the sGC/cGMP pathway appeared to be selective, because parallel assays in tissue treated with an ANP analog indicated enhanced cGMP production following CH. It is well established that ANP (and APIII) stimulates cGMP production via a particulate isoform of GC associated with cell membranes (6) . Previous studies in our laboratory showed that ANP and APIII are potent chemoreceptor inhibitors that act in a signaling cascade involving cGMP-mediated activation of PKG (14, 25, 29) . The current findings with APIII indicate that ANP signaling may be enhanced following CH. However, our data do not indicate whether signaling mechanisms in other downstream components (i.e., protein phosphatase 2A, PKG) of this pathway are modified in CH type I cells (14) .
In normal tissue, the hypoxia-evoked elevation in intracellular Ca 2ϩ was inhibited by SNAP, and this effect was blocked in the presence of the PKG antagonist, KT-5823. These observations confirm the involvement of the cGMP/PKG pathway in mediation of NO-induced chemoreceptor inhibition, and they are in accord with a recent study that demonstrated that NO enhances Ca 2ϩ -dependent K ϩ channel activity in rat type I cells via cGMP/PKG-dependent mechanism (22) . However, our data also show that following CH, inhibition of this pathway with the PKG antagonist was substantially reduced, suggesting the involvement of an alternative mechanism. The small effect of KT-5823 in CH type I cells may indicate residual activity in the cGMP/PKG pathway and that NO acts via dual mechanisms to produce inhibition.
Previous studies have shown that NO can mediate multiple effects that are independent of cGMP. Buerk and Lahiri (4) demonstrated decreased O 2 consumption in cat carotid body in the presence of NO donors, suggesting possible effects on mitochondrial respiration. However, other studies indicate mitochondrial inhibition mediated by high concentrations of NO produces chemosensory excitation (16, 19) . Importantly, Yamamoto et al. (31) localized NO production to type I cell mitochondrial membranes after hypoxia.
Direct effects of NO or its chemical derivative peroxynitrite on ion channels have also been documented. In particular, Bolotina et al. (3) demonstrated that Ca 2ϩ -dependent K ϩ channels in aortic vascular smooth muscle cells are activated via a direct effect of NO. Although similar large conductance K ϩ channels in normal rat type I cells are known to be activated by NO via a cGMP-dependent mechanism (22) , a study in rabbit carotid body has indicated that NO donors inhibit L-type Ca 2ϩ channels via a chemical modification of channel protein, involving sulfhydryl groups (23). It remains for future studies to determine whether such direct effects of NO on ion channel function are enhanced in type I cells following exposure to CH.
It is well established that CH induces increased chemosensitivity in rat carotid body, which in hypoxia is manifest as both an elevated chemoreceptor discharge (5) and hypoxic ventilatory response (1) . Increased NO production following CH suggests the existence of important adaptive control mechanisms that counteract the development of excitatory factors. Moreover, the present data indicate that CH induces major adjustments in cell signaling mechanisms that bypass intermediate regulatory steps, resulting in an abnormally robust inhibitory response. Such changes may indicate conservation of energy in cells maintaining a high level of activity while undergoing continuous hypoxic stress.
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